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ABSTRACT 


A  detailed  description  is  presented  defining  the  wind  tunnel  test  facility,  test  model  and 
associated  instrumentation  and  recording  system.  Wind  tunnel  conditions  including  test 
model  local  flow  properties  are  defined  along  with  a  discussion  of  acoustic  data  obtained 
for  the  various  flow  regimes  of  interest  (transition,  fully  turbulent,  base  and  separated 
flow).  Finally,  test  data  in  the  form  of  acoustic  intensity  distributions  along  the  vehicle 
and  third  octave  pressure  spectrums  are  presented. 
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SECTION  I 


EXPERIMENTAL  PROGRAM 


An  experimental  ground  test  program  was  conducted  at  Arnold  Engineering  Development 
Center  (AEDC)  in  the  Von  Karman  Gas  Dynamics  Facilities  Tunnels  A,  B,  and  C,  (1)  at 
Mach  numbers  of  4,  8,  and  10,  respectively.  The  objective  of  this  test  program  was  to 
obtain  acoustic  data  which  would  be  used  to  verify  and/or  redefine  aeroaco'ustic  prediction 
methods  currently  in  use  in  the  aerospace  industry.  This  section  describes  the  wind  tun¬ 
nels  employed  in  this  test  program,  the  model  and  support  details,  and  the  instrumentation 
used  to  obtain  these  data. 

1.  TEST  FACILITY  DESCRIPTION 

a.  AEDC  Tunnel  A 


Tunnel  A  is  a  40  x  40  inch  continuous  flow,  closed  circuit,  variable  density, 
supersonic  wind  tunnel  with  a  Mach  number  range  1.6  to  6.  Continuous  curvature  nozzle 
contours  are  obtained  by  flexible  top  and  bottom  walls,  mounted  on  electrically  driven 
screw  jacks.  The  side  walls  of  the  nozzle  are  plane  and  parallel.  Operation  of  the  nozzle- 
actuating  jacks  is  completely  automatic.  Window  panels  which  form  the  test  section  walls 
are  available  in  three  different  window  arrangements.  Spark  shadowgraph  and  Schlieren 
photography  is  available  for  flow  visualization  during  tunnel  operation.  Models  are  gen¬ 
erally  supported  from  the  rear  by  stings  which  attach  to  the  roll  sting  hub,  or  adapter  hub, 
mounted  on  the  top  of  the  single  ended  support  strut.  The  model  support  is  injected  into 
the  test  section  and  translated  upstream  to  the  test  area.  In  either  the  retracted  or  injected 
position,  the  model  may  be  rolled  ±180  degrees  and  pitc'  d  ±15-1/2  degrees  while  the 
center  of  rotation  is  in  the  downstream  position.  At  the  most  forward  position,  the  model 
pitch  is  limited  to  ±10  degrees.  Figure  1  is  a  general  assembly  of  Tunnel  A  which  includes 
the  performance  capability. 

b.  AEDC  Tunnel  B 


The  Tunnel  B  facility  is  a  continuous  flow,  hypersonic  wind  tunnel  with  a  50-inch 
diameter  test  section.  Interchangeable  axisymmetric  contoured  nozzles  provide  flow  at 
either  Mach  6  or  8.  The  tunnel  is  a  closed  circuit  type  which  operates  over  a  range  of 
pressures  with  air  supplied  by  a  central  compressor  system.  A  model  injection  system 
provides  the  capability  for  quick  model  changes  without  interrupting  tunnel  operation.  The 
tunnel  flow  conditions  provide  free  stream  Reynolds  numbers  from  0.30  x  10*>  to  3.8  x  10^ 
per  foot  at  Mach  8  with  a  total  temperature  of  1350°R.  The  tunnel  layout  and  a  summary 
chart  of  the  performance  characteristics  of  this  facility  are  shown  in  Figure  2. 

Model  support  and  sting  assemblies  provide,  in  general,  a  30-degree  pitch  range 
capability.  Model  support  in  the  tunnel  is  positioned  so  that  dual  windows  can  provide  flow 
visualization  and  photography.  Each  window  is  equipped  with  either  a  conventional  single 
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Figure  1,  Tunnel  A  Assembly  and  Performance  Characteristics 
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pass  Schlieren  system  or  a  parallel  beam  refocused  shadowgraph  system.  Model  attitude 
in  the  tunnel  was  measured  by  the  data  readout  system  and  verified  optically  with  a  scope. 

c.  AEDC  Tunnel  C 

Tunnel  C  is  a  continuous  flow,  hypersonic  wind  tunnel  with  a  50-inch  diameter 
test  section.  Interchangeable  axisymmetrie  contoured  nozzles  provide  flow  at  either 
Moo  =  10  or  12.  A  model  injection  system  provides  the  capability  for  quick  model  changes 
without  interrupting  tunnel  operation.  The  tunnel  flow  conditions  provide  free  stream 
Reynolds  numbers  from  0.3  to  2.4  x  10^  per  foot  at  total  temperatures  up  to  2000°F. 

Model  support  and  sting  assemblies  provide,  in  general,  a  30-degree  pitch  range 
capability.  Model  support  in  the  tunnel  is  positioned  so  that  dual  windows  can  provide 
complete  flow  visualization  and  photography.  Each  window  is  equipped  with  either  a  con¬ 
ventional  single  pass  Schlieren  system  or  a  parallel  beam  refocused  shadow  graph  system. 
Tunnel  layout  and  performance  is  shown  in  Figure  3. 

2.  TEST  HARDWARE  DESCRIPTION 


a.  Model 


The  model  to  be  used  in  the  current  wind  tunnel  test  is  a  heat  transfer  model 
which  was  used  on  the  Air  Force  sponsored  STREET-G  Program!2).  The  model  is  a  7.2 
degree  half  angle  cone  with  changeable  noses  with  radii  of  0,  0.055,  and  0.110  inches  and 
a  base  radius  of  5.40  inches.  The  model  is  constructed  of  0.050-inch  thick  series  400 
stainless  steel,  and  was  instrumented  with  32  high  intensity  microphones  and  40  Chromel- 
Alumel  thermocouples.  A  detailed  drawing  of  the  model  defining  the  acoustic  instrument 
locations  is  shown  in  Figure  4.  A  photograph  of  the  strut  mounted  model  shown  in  the 
Tunnel  B  vacuum  tank  below  the  test  section  is  shown  in  Figure  5. 

b.  Model  Support 


The  model  support  system  that  was  used  for  this  test  program  is  a  compression 
strut  support  system,  which  was  designed  and  built  by  GE  for  use  on  the  STREET-G 
Program,  based  on  the  concept  of  Reference  3.  Figure  6  depicts  the  details  of  the  support 
system  including  the  method  of  attachment  to  the  base  of  the  cone.  A  photograph  of  the 
cone  and  the  strut  support  system  is  shown  in  Figure  7.  The  four-strut  support  is 
mounted  to  the  base  plate  of  the  model,  and  each  leg  is  hollow  to  accommodate  instrumen¬ 
tation  access  to  the  model.  Basically,  the  struts  are  swept-back  60  degree,  and  their 
leading  and  trailing  edges  are  wedge  shaped  with  a  20  degree  included  angle  measured 
normal  to  the  edge.  The  unit  was  manufactured  from  series  400  stainless  steel. 

Since  the  struts  support  the  vehicle  from  its  base,  they  will  not  have  any  influence 
on  the  flow  over  the  conical  portion  of  the  model.  However,  credence  in  the  base  pressure 
data  is  predicted  on  the  minimal  effect  that  the  model  support  has  on  the  wake  structure. 
This  has  been  assessed  by  comparing  the  base  pressure  of  the  supported  model  with 
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free-flight  data  for  the  same  flow  conditions.  The  base  pressure  for  the  cone 
(Rjvj/Rg  =  0.02)  at  Mach  8,  10,  and  12.3  from  Reference  3  are  presented  in  Figure  8. 

Also  shown  in  this  figure  are  some  free-flight  ("drop-test")  data^),  as  well  as  the  free- 
flight  data  of  Reference  5,  both  obtained  at  AEI1C.  The  agreement  between  the  flight  data 
and  the  supported  model  data  is  excellent  for  all  Reynolds  numbers.  The  Mach  12  data  of 
Muntz  and  Softley  et.  al.  (®)  are  also  shown  in  Figure  8  and  are  in  agreement  with  the 
Mach  12  results.  It  should  be  noted  that  the  data  presented  in  this  figure  are  for  different 
size  models  and  that  the  base  pressure  apparently  scales  with  Mach  numbpr  and  Reynolds 
number.  It  was  further  shown(^)  that  the  near-wake  properties  as  obtained  using  the  strut 
support  system  were  in  excellent  agreement  with  free-flight  wake  data  as  well  as  with 
some  recently  developed  near-wake  theories. 

Thus,  it  can  be  concluded  on  the  basis  of  the  base  pressure  correlation  and  also 
the  agreement  with  the  near-wake  properties  at  a  station  in  the  vicinity  of  the  neck,  that 
the  compression  strut  system  has  a  negligible  effect  on  the  wake  structure  and,  conse¬ 
quently,  should  give  meaningful  base  fluctuation  measurements. 

The  use  of  sting  mount  was  ruled  out  in  favor  of  the  compression  strut  supports 
on  the  basis  of  the  following  data.  It  has  long  been  recognized  that  single  sting  supports 
have  an  influence  on  the  base  flow  characteristics.  From  numerous  investigations,  it  was 
concluded  that  if  the  ratio  of  sting  diameter  to  base  diameter  of  a  cone  is  below'  0.2,  this 
effect  is  minimized.  However,  it  was  recently  shown  (?)  that  the  inclusion  of  a  hub  or  a 
supporting  device  to  which  the  sting  is  attached  influences  the  wake  closure  even  though  the 
hub  may  be  some  3-4  base  cone  diameters  downstream.  An  example  of  the  influence  '.nat 
a  sting-hub  support  c^Mld  have  on  the  base  pressure  of  a  slender  cone  is  shown  in  Figure  ii. 
The  data  shown  were  obtained  in  Tunnels  A  and  B  at  AEDC  for  a  sting-supported  model 
versus  data  obtained  using  an  AE DC-developed  free-flight  technique^)  w),  p>or  these  free- 
flight  tests,  the  model  was  injected  into  a  continuous  hypersonic  stream,  and  a  telemeter¬ 
ing  system  was  used  to  monitor  the  base  pressure.  The  model  attitude  was  monitored 
optically.  Also  shown  on  this  figure  are  data  obtained  using  a  compression  strut  support 
system(3).  It  is  rather  evident  that  the  sting  support  affects  the  base  static  pressure; 
therefore,  one  would  expect  it  to  affect  the  fluctuating  pressures  as  well.  Consequently, 
the  four -strut  support  which  was  shown  tip  have  a  minimal  effcn*  on  wake  properties  was 
chosen  as  the  best  design  available. 

The  facilities  at  AEDC  are  of  the  continuous  type,  and  the  data  are  to  be  acquired 
by  pulsing  the  model  into  the  flow  for  a  period  of  time  which  is  compatible  with  that  re¬ 
quired  to  obtain  the  acoustic  data.  In  Tunnel  A,  the  stagnation  temperature  is  sufficiently 
low  so  that  the  cone  and  strut  system  will  not  be  exposed  to  any  aerodynamic  heating.  In 
Tunnels  B  and  C,  the  stagnation  temperature  is  sufficiently  high  that  some  aerodynamic 
heating  will  occur.  For  the  short  exposure  time  to  the  flow  (i.e.,  order  of  seconds)  no 
appreciable  model  heating  occurred. 

c.  Instrument  Locations  and  Test  Conditions 


The  free  stream  test  conditions  were  selected,  so  that  the  location  of  transition 
was  spatially  fixed  on  the  model  surface.  The  Reynolds  number  was  selected  in  each 
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10  HALF  ANGLE  CONE  (SHARP) 


facility  so  that  acoustic  data  were  obtained  at  '.lie  beginning  and  end  of  transitional  flow 
regions  and  also  at  several  stations  in  the  turbulent  flow  region. 

In  order  to  determine  the  spacing  of  the  sensors  on  the  cone,  it  was  necessary  to 
establish  the  location  of  the  transitional  boundary  layer  zone  for  each  of  the  proposed  test 
conditions.  This  required  the  correlation  of  available  transition  data  for  each  of  the  three 
AEDC  test  facilities  where  tests  were  planned. 

The  largest  single  source  of  applicable  transition  data  for  the  Mach  8  condition 
(Tunnel  B)  may  be  found  in  Reference  2.  These  data  were  obtained  for  the  same  cone  and 
range  of  test  conditions  that  was  used  in  the  current  test  series.  The  location  of  onset  and 
end  of  transition  was  deduced  from  the  heat  transfer  measurements.  That  is,  the  onset  of 
transition  was  defined  as  the  point  where  the  heat  transfer  is  a  minimum,  and  the  end  of 
transition  as  the  point  where  the  heat  .’ansfer  is  locally  a  maximum.  For  these  data  the 
spatial  distribution  of  the  end  of  tr  ansition  was  deduced  (from  qmax)  ans  some  typical  re¬ 
sults  are  repeated  here  in  Figure  10. 

Available  transition  data  for  sharp  cones  in  Tunnel  A  at  Mach  4  and  Tunnel  C  at 
Mach  10  may  be  found  in  References  8,  9,  and  10.  These  data  were  used  to  establish  the 
Mach  number  sensitivity  of  transition  location  with  Reynolds  number,  The  available  data 
were  for  cone  angles  which  were  different  than  the  7.2  degree  half-angle  cone  to  be  tested. 
The  following  procedure  was  used  to  establish  the  transition  location  on  the  test  model  for 
various  free  stream  unit  Reynolds  numbers. 

The  local  wetted  length  Reynolds  number  at  transition,  ResT  =  ( pu/m  )eST  *or 
zero  angle- of-attack  case  was  computed  for  each  data  case.  Where  the  value  ( pu/,i  )e  is 
the  local  unit  Reynolds  number  at  the  boundary  layer  edge,  e-  aluated  at  the  transition  point 
(Sti.  Then  assuming  that  the  same  value  of  ResT  would  prevail  for  the  7.2  degree  half¬ 
angle  cone,  the  corresponding  free  stream  unit  Reynolds  number  was  determined.  Transi¬ 
tion  location  data  thus  obtained  are  presented  in  Figure  10.  It  is  of  interest  to  note  that  the 
available  end-of-transition  data  for  the  sharp  cones,  collapses  to  a  single  line  in  this  parti¬ 
cular  format.  The  sensor  locations  (single  and  arrays)  were  selected  to  be  consistent  with 
the  test  conditions  shown  in  Figure  11  and  Table  I. 

The  only  applicable  transition  data  available  to  date  for  the  blunt  body  case  was 
from  Reference  2  (i.e. ,  for  =  8).  The  onset  and  end  of  transition  data  for  R^  =  0.055 
in.  and  R^  =  0.110  in.  are  presented  in  Figure  12.  Based  upon  the  sensor  locations  estab¬ 
lished  for  the  sharp  cone,  the  test  conditions  for  the  blunted  cone  were  selected  to  provide 
a  fixed  location  of  transition  as  noted  in  Figure  i2. 

Because  of  the  paucity  of  blunt  cone  transition  data  on  cones  at  Mach  4  and  10,  it 
was  assumed  that  the  Mach  8  data  of  Reference  2  are  representative  of  the  bluntness  effect. 
The  validity  of  this  assumption  was  to  be  verified  by  the  current  tests. 
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Figure  11.  Correlation  for  the  Location  of  the  Boundary  Layer 
Transition  Zone  for  the  Sharp  Cone  (  a  =  0°) 
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TABLE  I.  ACOUSTIC  GAGE  LOCATIONS 


d.  Acoustic  Sensors 


The  acoustic  sensors  selected  for  this  program  are  high  intensity  piezo-electric 
crystal  microphones  manufactured  by  Gulton  Industries.  Twenty-three  microphones  were 
installed  in  an  essentially  flush-mounted  configuration  on  the  cone  surface  of  the  model 
and  were  subjected  to  a  relatively  high  heating  source  during  the  Mach  8  and  10  tests  in 
AEDC  Tunnels  B  and  C,  respectively.  Therefore,  these  sensors,  Model  MQA-2400,  were 
of  special  high  temperature  construction,  rated  to  maintain  their  calibrated  sensitivity  with¬ 
in  ±2  db  over  a  temperature  range  from  0  to  250°F  and  '2,  -4  db  from  -65°F  to  ‘400T. 
(Based  on  backface  thermocouple  measurements,  it  is  estimated  that  the  sensor  temperature 
rise  did  not  exceed  about  150-200T  during  the  present  testing).  Of  the  six  microphones 
mounted  on  the  base  of  the  model,  one  was  a  Model  MQA-2400  and  five  were  Model  MVA- 
2400  which  were  essentially  identical  to  the  MQA-2400  except  for  an  operating  upper  tem¬ 
perature  limit  of  250®F  (survivable  to  SOOT).  Two  sensors  were  mounted  in  ported  con¬ 
figurations  on  the  cone  surface  in  order  to  obtain  frequency  response  characteristics  in 
mounting  configurations  more  representative  of  potential  flight  vehicle  mountings. 

Figure  4  shows  the  microphone  locations  and  the  details  of  the  mounting.  In  order 
to  obtain  data  to  as  high  a  frequency  as  possible,  the  flush  configuration  was  chosen.  Shock 
tube  calibration  testing  showed  that  microphone  response  was  down  3  db  at  about  10  kHz  when 
the  vendor  supplied  perforated  protective  cap  was  used,  but  was  extended  to  at  least  28  kHz 
with  the  cap  rem  wed.  Application  of  a  3  to  5  mil  layer  of  RTV-500  silicone  rubber  over 
the  face  of  the  sensor  had  no  noticeable  effect  on  frequency  response  and  was  essential  in 
order  to  preserve  the  model  contour  and  prevent  any  surface  discontinuity  from  affecting 
the  flow  field.  The  thin  layer  of  rubber  also  provided  some  physical  protection  for  the  very 
thin  microphone  diaphragm  and  a  degree  of  filtering  of  any  high  frequency  heat  transfer  to 
the  ceramic  elements  of  the  sensor  which  might  result  in  unwanted  pyroelectric  responses. 
Each  microphone  was  screwed  into  a  nylon  holder  which  electrically  isolated  it  from  the 
model.  The  diaphragm  was  recessed  about  3  to  5  mils  below  the  surface  of  the  model  and 
the  resultant  cavity  filled  with  RTV-560  rubber  which  had  been  vacuum  pumped  after  mixing 
in  order  to  eliminate  trapped  air  bubbles.  The  silicon  rubber  was  then  smoothed  to  the  sur¬ 
face  contour  of  the  model  to  provide  a  surface  free  of  any  discontinuities.  Photographs  of 
the  model  showing  the  acoustic  gage  installation  and  spatial  arrangement  may  be  found  in 
Figures  13  and  14. 

In  order  to  obtain  as  high  a  signal-to-noise  ratio  as  possible  from  the  high  impe- 
dence  piezoelectric  microphones,  each  gage  was  connected  by  a  short  length  of  subminiature 
low-noise  coaxial  cable  to  its  own  electrically  isolated  single-stage  amplifier  in  an  amplifier 
assembly  in  the  rear  section  of  the  model.  These  amplifiers  introduced  a  nominal  voltage 
gain  of  five  while  also  providing  an  impedance  transformation  from  several  megohms  at  the 
input  to  about  2200  il  so  that  the  signal  could  be  coupled  out  through  the  model  strut  support 
via  microminiature  coaxial  cable  without  concern  over  noise  pickup  due  to  cable  vibration 
and  signal  cross-talk.  Sixty  cycle  power  line  pickup  was  minimized  !>y  using  individual  iso¬ 
lated  ground  returns  for  each  circuit  which  were  connected  to  the  building  ground  at  a  com¬ 
mon  point  -  at  the  power  supply/junction  box  just  outside  the  wind  tunnel. 
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Figure  14.  Aft  Array  Acoustic  Gate  Installation 


A  schematic  diagram  of  the  on-board  amplifier  system  is  shown  in  Figure  15.  The 
amplifier  input  provides  a  low  frequency  cut-off  at  about  30  Hz  (for  a  microphone  and  cable 
capacitance  of  1000  pf.  This  prevents  saturation  of  the  amplifier  due  to  the  pyroelectric 
signal  generated  by  the  microphone  when  subjected  to  heating  by  the  wind  tunnel  flow.  The 
use  of  an  unbypassed  source  resistor  in  the  amplifier  provides  negative  feedback  to  stabilize 
the  circuit  gain.  Circuit  noise  measured  at  the  output  of  the  on-board  amplifiers  had  a  value 
equivalent  to  an  input  noise  of  about  ten  microvolts  rms  or,  using  a  typical  microphone  sen¬ 
sitivity  of  GOO  microvolts  at  120  dB  sound  pressure  level  (SPL),  an  equivalent  microphone 
system  electrical  noise  of  about  85  dB  SPL. 

The  outputs  of  the  on-board  amplifiers  were  coupled  through  about  thirty  feet  of 
microminiature  coaxial  cable  to  a  junction  lx>x  which  contained  the  load  resistor  for  each 
circuit,  a  common  well-regulated  low  noise  power  supply  and  capacitive  coupling  to  output 
BNC  connectors  for  subsequent  transmission  of  the  signal  via  one  hundred  foot  lengths  of 
RG-58//  cable  to  the  racks  of  Preston  amplifiers  (furnished  by  AEDC)  where  the  final  in¬ 
dividual  channel  gains  were  set  prior  to  recording  of  the  signal  or  magnetic  tape.  By  placing 
the  on-board  amplifier  load  resistors  in  the  junction  box,  it  was  possible  to  maintain  the  very 
low  output  impedance  of  the  common  power  supply  and  avoid  the  potential  cross-talk  inherent 
in  carrying  power  supply  leads  into  the  model.  The  Preston  amplifiers  are  direct-coupled, 
high  input  impedance  amplifiers.  Therefore,  dc  blocking  capacitors  were  provided  in  the 
junction  box  (large  enough  to  avoid  signal  attenuation)  together  with  load  resistors  small 
enough  to  permit  rapid  re  cove  17  from  any  transient  overloads  without  affecting  the  low  fre¬ 
quency  response  set  in  by  the  on-board  amplifier  input  circuit. 

Each  of  the  microphones  was  supplied  with  a  vendor  calibration  which  gave  charge 
sensitivity  at  120  dB  SPL  as  a  function  of  frequency  over  the  range  from  50  Hz  to  15  kHz 
(10  kHz  in  the  case  of  the  MVA-2400  microphones)  linearity  from  110  to  1G0  dB  at  1  kHz, 
internal  capacitance  and  leakage  resistance.  The  frequency  response  characteristic  showed 
a  consistent  peak  value  at  10  kHz  which  was  20  to  40  percent  higher  than  the  1  kHz  value. 

In  order  to  determine  whether  this  was  a  real  characteristic  of  this  type  of  microphone  or 
a  result  of  the  measurement  technique  and  also  to  check  the  effect  of  an  RTV  rubber  coating 
on  microphone  sensitivity  and  frequency  response  shock  tube  tests  were  run  by  General 
Electric. 


Upon  receipt  from  the  supplier,  the  capacitance  of  each  microphone  and  associated 
cable  was  checked  using  a  General  Radio  Model  71G-C  Capacitance  Bridge  and  the  charge 
sensitivity  was  checked  (at  a  nominal  sound  pressure  level  of  124  dB  at  252  Hz)  using  a  B&K 
Type  4220  Piston-phone  Calibrator.  Measured  capacitance  agreed  quite  well  with  the  value 
stated  by  the  vendor  -  there  being  less  than  four  percent  difference  except  for  one  sensor, 
MQA-2400,  Serial  No.  1026,  whose  measured  capacitance  of  832  pf  was  almost  twice  that 
quoted  by  the  vendor  (438  pf).  This  microphone  reverted  to  the  lower  value  of  capacitance 
when  mounted  in  the  model  -  apparently  as  a  result  of  a  poor  connection.  When  its  data 
were  corrected  for  this  behavior,  its  results  were  in  line  with  expected  values. 
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Figure  15.  Acoustic  Sensor  On-Board  Amplifier  Circuit  Schematic 


The  pistonphoce  check  on  sensitivity'  was  also  in  generally  good  agreement  with  the 
vendor's  measurement  -  a  difference  of  less  than  five  percent  for  nineteen  of  the  thirty -one 
gages  and  of  between  five  and  10  percent  for  live  others.  However,  the  shock  tube  check 
gave  values  of  charge  sensitivity  which  were  generally  higher  than  the  manufacturer's  value, 
though  more  th;in  half  of  the  microphones  used  had  shock  tube  derived  sensitivities  within 
15  percent  of  the  vendor's  1  kHz  value.  The  reason  for  this  discrepancy  is  not  known,  but 
may  be  related  to  the  fact  that  the  sensor's  are  sealed  with  one  atmosphere  pressure  inside 
the  case.  When  tested  in  the  shock  tube  (and  in  the  AEDC  wind  tunnels)  the  microphones 
are  in  a  vacuum  environment  while  the  vendor  calibration  and  the  pistonphone  check  were 
made  at  one  atmosphere  ambient  pressure.  In  any  event,  whichever  sensitivity  is  used, 
the  effect  on  the  result:int  data  is  less  than  ±2  dll,  maximum. 

In  the  shock  tube  calibration,  the  microphones  under  test  (protective  caps  ’amoved) 
were  screwed  into  plexiglass  holders  to  within  a  few  mils  of  the  front  surface  which  was  con¬ 
toured  to  the  curvature  of  the  shock  tube  inside  surface.  Silicone  rubber  was  then  applied 
to  the  primed  face  of  the  sensor  to  make  it  flush  with  the  face  cf  the  holder.  After  curing,  . 
the  microphones  were  installed  in  the  sidewall  of  the  shock  tube  (two  at  a  time,  spaced  six 
inches  apart)  and  calibrated  at  ambient  pressures  over  the  range  of  0.05  psia  to  about  0.58 
psia,  corresponding  to  the  range  encountered  in  t he  subsequent  wind  tunnel  testing.  The 
shock  tube  driver  was  evacuated  to  an  initial  pressure  in  the  range  from  about  5.5  to  about 
10  psia  and  the  mylar  diaphragm  separating  the  driver  from  the  driven  tube  was  pierced  by 
a  pneumatically  actuated  spear.  The  resultant  shock  wave  travelled  down  the  tube  at  velo¬ 
cities  between  Mach  1.5  and  2,  traversing  the  microphone  sensitive  element  in  less  than  10 
microseconds  with  a  resultant  step  in  pressure  of  from  0.1  to  1.0  psi.  The  duration  of  the 
pressure  step  is  of  the  order  of  2  to  10  milliseconds  and  its  precise  value  is  given  (for  air) 
by: 

AP  1.167  P,  (M  2  -  1),  where 
I  s 

Pj  is  the  initial  shock  tube  pressure  ;uk!  Ms  is  the  shock  Mach  number.  Both  of  these  quan¬ 
tities  were  carefully  measured.  In  addition,  a  reference  dynamic  pressure  gage  (Kistler 
Model  G06A)  was  used  to  provide  an  indication  of  the  quality  of  the  flow  and  an  independent 
measure  of  the  pressure  step. 

Several  things  were  apparent  from  the  shock  tube  calibration.  First,  the  response 
of  the  gage  did  not  show  any  overshoot,  but  was  essentially  flat  with  time.  Thus,  the  fre¬ 
quency  response  is  flat  for  all  practical  purposes.  Second,  the  rise  time  of  the  sensor  out¬ 
put  was  in  the  order  of  10  to  12  microseconds  indicating  high  frequency  cut-off  (-3  dB)  at 
about  25  to  30  kHz.  Third,  tests  conducted  using  microphones  without  the  RTV  coating  re¬ 
sulted  in  a  rising  output  as  a  function  of  time  except  for  tests  at  the  lowest  initial  pressure. 
This  behavior  can  be  attributed  to  the  pyroelectric  sensitivity  of  these  microphones  and 
these  tests  clearly  demonstrated  the  value  of  the  rubber  coating  in  inhibiting  the  effect.  The 
tests  without  a  RTV  coating  did,  however,  show  that  the  RTV  had  a  negligible  effect  on  fre¬ 
quency  response  and  no  noticeable  effect  on  sensitivity. 
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e.  Aerothermo  Instrumentation 


The  location  of  boundary  layer  transition  was  deduced  from  model  surface  heat 
transfer  measurements.  In  tunnels  B  and  C  (Mach  8  and  10),  where  the  stream  total  tem¬ 
perature  is  much  greater  than  the  model  wall  temperature,  the  heat  transfer  was  deduced 
from  back  face  thermocouples  attached  to  the  model  skin.  Using  the  transient  one¬ 
dimensional  heat  conduction  equation  which  is  valid  for  the  current  thin  walled  model,  one 
can  express  the  heat  transfer  in  the  following  form. 

q  =  pCp t  dT 
dr 

where 

p  =  Model  material  density 

C  =  Coefficient  of  specific  heat  of  the  model  material 

P 

r  =  Material  thickness  at  the  thermocouple  location:  the  slope  of  the 
temperature  time  history  of  the  model  wall  as  deduced  from  the 
thermocouple  is  dT /dr. 

As  the  model  is  inserted  into  the  wind  tunnel,  with  an  initially  uniform  ambient 
wall  temperature,  the  model  wall  heals  up.  The  surface  heat  transfer  is  deduced  at 
several  time  steps  when  the  model  is  on  tunnel  centerline.  The  Stanton  number  (i.e. , 

St  =  q/  [  (  P  u)JH0  -  hw)]  )  is  deduced  at  several  time  increments  and  for  the  first  10  to 
15  seconds  the  Stanton  number  is  a  constant.  A  typical  axial  distribution  of  Stanton  num¬ 
ber  is  shown  in  Fig  re  16.  The  location  of  transition  was  deduced  from  this  axial  distri¬ 
bution  of  the  Stanton  number  where  transition  onset  is  defined  as  the  point  where  the  local 
heat  transfer  as  a  minimum  and  the  end  of  transition  is  defined  as  the  point  where  the  local 
heat  transfer  is  a  maximum  (see  Figure  16). 

At  Mach  4  where  the  low  stream  total  temperature  (120°F)  precluded  the  measure¬ 
ment  of  heat  transfer  with  thermocouples,  thermographic  phosphorescent  paint  was  used  to 
establish  the  transition  zone.  For  these  measurements  a  thin  coating  of  phosphor  paint  was 
sprayed  on  to  a  fiberglass  shell  which  was  fit  over  the  basic  steel  model.  The  model  with 
the  fiberglass  shell  mounted  to  the  strut  system  in  the  tunnel  vacuum  tank  is  shown  in  Fig¬ 
ure  17.  The  phosphorescent  paint  technique (H)  consists  of  photographing  the  painted  model 
surface  and  measuring  the  optical  density  of  the  recorded  image.  The  optical  density  of  a 
photographic  image  is  a  function  of  the  logarithm  of  the  intensity  of  the  expo  ure,  for  a  given 
exposure  time.  If  the  exposure  from  the  phosphorescent  paint  falls  withi..  Jie  logarithmically 
linear  region,  the  optical  density  will  be  a  function  of  the  ultraviolet  (u-v)  light  intensity  and 
the  emitted  light  intensity  of  the  paint.  For  these  wind  tunnel  tests,  the  procedure  was  to 
take  a  photograph  of  the  model  before  the  tunnel  run  (i.e. ,  a  t,  re)  and  then  take  another  one 
during  the  run.  It  sufficies  to  say  that  the  incremental  change  in  optical  density  is  propor¬ 
tional  to  the  surface  heat  transfer.  In  the  present  case  wre  were  not  searching  for  the  abso¬ 
lute  level  of  the  heat  transfer  but  for  those  points  where  it  reached  a  minimum  (transition 
onset)  or  a  maximum  (tranution  end).  Due  to  the  limited  region  of  photographic  coverage, 
only  the  end  of  tr  insition  data  were  obtained. 
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f.  Tost  Procedure 


The  test  procedures  in  terms  of  the  sequence  ;md  cycling  of  data  acquisition  and 
screeing  are  presented  with  appropriate  rationale  in  the  following  paragraphs  for  each  of 
the  tests  in  Tunnels  A,  B,  andC. 

The  acoustic  gages  have  a  temperature  limitation  which  could  be  exceeded  in  Tun¬ 
nels  B  and  C  of  the  test  model  remains  in  the  flow  for  protracted  periods.  From  a  safety 
point  of  view  it  was  decided  to  plan  the  test  sequencing  in  order  of  increasing  hazard.  As 
mentioned  before,  the  facilities  at  AEDC  are  of  the  continuous  type,  and  in  general,  the  data 
were  acquired  by  pulsing  the  model  into  the  flow  for  a  time  period  which  is  compatible  with 
that  required  to  obtain  the  acoustic  data.  The  low  total  temperatures  required  at  low  Mach 
numbers,  as  in  the  Tunnel  A  test,  represented  a  case  where  the  model  could  remain  in  the 
flow  continuously  without  any  hazard  to  the  gages,  therefore  these  tests  were  conducted  first. 
The  Tunnel  B  tests  were  then  conducted  next  with  the  most  hazardous  test  conducted  last, 
(i.e.,  Tunnel  C  which  has  the  highest  total  temperature  of  the  three  facilities). 

Since  valid  boundary  layer  trims ition  data,  especially  those  with  bluntncss  effects, 
were  not  generally  available  for  the  Tunnel  A  (Mach  4)  conditions,  these  data  were  planned 
first.  As  such,  the  initial  tunnel  installation  was  with  the  fiberglass  shell  mounted  over  the 
basic  steel  model.  Qualitative  heating  data  were  obtained  at  several  test  conditions  (Reynolds 
numbers)  for  each  of  the  three  model  noses  .  From  these  data,  the  end  of  transition  was  de¬ 
duced  and  compared  to  the  pre-test  predictions.  These  results  will  be  discussed  in  Section 
n-1  of  this  report.  Thus,  with  the  location  of  transition  determined,  the  fiberglass  shell 
was  removed  and  acoustic  data  were  obtained.  In  the  Tunnel  B  and  C  tests,  the  transfer 
data  were a'lpii red  simultaneously  with  the  acoustic  data.  Consequently  a  verification  of 
the  transition  location  (which  actually  was  a  re-verification  of  results  acquired  on  earlier 
programs)  was  performed  and  was  found  to  be  in  good  agreement  with  the  predictions. 

Since  the  acquisition  of  "valid"  acoustic  noise  data  was  the  primary  concen  of  the 
wind  tunnel  test  program,  considerable  attention  was  paid  to  the  methods  of  conditioning  and 
recording  these  data,  to  providing  adequate  calibration  of  the  data  acquisition  system  and  to 
screening  of  the  recorded  data  to  assure  that  the  level  of  the  recording  was  below  saturation 
level  but  well  above  the  tape  recorded  background  noise. 

All  acoustic  data  within  the  frequency  range  from  d-c  to  20  kHz  were  recorded  on 
magnetic  tape  using  two  fourteen  channel  Ampex  FR-1300  portable  recorders  and  one  four- 
teer  charnel  Bell  &  Howell  VR-3360  recorder.  All  of  the  recording  was  done  at  a  tape  speed 
of  60  inches  per  second  using  FM  record  amplifiers  whose  center  frequency  was  108  kHz, 
and  whose  internal  gain  was  set  to  give  full-scale  (*40%)  deviation  for  one  volt  root-mean- 
square  (nns)  sinusoidal  input. 

To  facilitate  data  reduction  and  minimize  tape  recorder/reproduccr  based  phase 
errors  in  the  data  processing  for  cross-correlation  functions,  the  tape  recording  format 
shown  in  Table  13  was  used.  This  arrangement  assured  that  all  data  from  the  microphones 
in  a  given  array  were  recorded  on  the  same  machine.  IRIG-B  Time  Code  information  was 
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TABLE  II.  ANALOG  TAPE  FORMAT 


Track 

No. 

Recorder  No.  1 
(Ampex  FR-1300) 

Recorder  No.  2 
(Ampex  FR-1300) 

Recorder  No.  3 
(CEC  VR-3360) 

1 

A-4 

A-15 

A-24 

2 

A-7 

A-14 

A-l 

3 

A-5 

A-16 

A-35 

4 

A-8 

A-18 

A-2  8 

5 

A-6 

A-17 

A-26 

6 

A-9 

A-19 

A-3 

7 

A-10 

A-20 

A-27 

8 

A-2 

V-3* 

A-29 

9 

A-ll 

A-21 

V-l* 

10 

Mod.  Insert  Sig. 

Mod.  Insert  Sig. 

Mod.  Insert  Sig. 

11 

A-12 

A-22 

V-2* 

12 

Tape  Speed  Ref. 

Tape  Speed  Ref. 

A-31  + 

13 

A-13 

A-23 

A-30+ 

14 

Time  Code /Voice 

Time  Code/Voise 

Time  Code/Voice 

*V-l,  V-2,  aad  V-3  are  tri-axial  accelerometer  signals  used  to  give  an  indication  of 
vibration  on  the  roll,  pitch  and  yaw  axis,  respectively. 

A-22  and  A-23  were  recorded  in  place  of  these  ported  sensor  signals  during  some  of 
the  testing  in  Tunnel  B. 

recorded  on  all  machines  in  order  to  permit  time  synchronization  between  machines  to  with¬ 
in  about  one  millisecond.  The  "Mod  Insert  Sig. "  was  a  voltage  signal  placed  on  the  tape 
when  the  model  reached  tunnel  centerline  after  insertion  (Tunnels  B  &  C). 

Each  acoustic  sensor  signal — after  amplification  in  the  on-board  amplifier  and 
capacitive  coupling  in  the  power  supply/junction  box — was  coupled  to  a  Preston  Model 
8300XWB  amplifier  through  a  "Calibrate-Operate"  switch  which,  in  the  "Calibrate"  position, 
inserted  the  output  of  a  sine  wave  generator  into  the  inputs  of  all  of  the  Preston  amplifiers 
simultaneously.  All  amplifiers  were  set  to  a  "fixed"  gain  of  X100  and — with  the  output  of  the 
Mne  wave  oscillator  set  to  give  5  mv  rms — frequencies  of  20,  200,  2000  and  20,000  Hz  were 
recorded  at  the  beginning  of  each  day's  testing.  Each  new  reel  of  tape  had  the  2  kHz  signal 
recorded  on  it  to  permit  standardization  of  the  gain  during  data  processing. 
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The  Preston  amplifier  outputs  were  connected  to  the  appropriate  tape  recorder 
input  and  to  a  multi-position  switch  so  that  any  of  the  amplified  signals  could  be  measured 
or  viewed  on  an  oscilloscope.  This  feature  permitted  the  "Variable”  gain  on  each  ampli¬ 
fier  to  be  set  such  that  a  120  dB  sound  pressure  level  would  give  the  same  output  (0.5  V 
rms  at  a  course  gain  setting  of  X100)  from  all  of  the  Preston  amplifiers,  thus  normalizing 
the  gains  and  facilitating  the  "quick-look"  data  analysis.  The  output  from  each  tape  repro¬ 
duce  amplifier  was  connected  to  a  selector  switch  so  that  the  reproduced  data  from  any  chan¬ 
nel  could  be  selected  for  oscilloscope  viewing  or  metering. 

Data  screening  in  tunnel  A  was  greatly  facilitated  by  the  fact  that  the  model  could  be 
left  in  the  flow  continuously.  Thus,  the  Preston  amplifier  coarse  gain  could  be  set  for  op¬ 
timum  record  level  for  each  channel  before  actuating  the  tape  recorders.  In  Tunnels  B  and 
C,  a  gain  setting  was  chosen  on  the  basis  of  predicted  acoustic  noise  levels,  the  model  was 
then  inserted  into  the  flow  for  a  nominal  ten  seconds  while  recording  data  and  then  retracted. 
While  air  jets  were  cooling  the  model,  the  tape  recorded  data  was  played  back  and  all  chan¬ 
nels  observed  visually  to  assess  the  amplitude.  If  the  amplitude  were  judged  to  be  either 
too  low  or  too  high,  amplifier  gain  was  reset  to  a  more  appropriate  value  and  a  repeat  run 
made.  Although  this  was  a  time-consuming  procedure,  it  was  felt  to  be  the  best  method  of 
assuring  that  useable  data  were  obtained  from  all  sensors  at  all  test  conditions. 

During  nose  changes  or  Reynolds  number  changes,  model  inspections  were  con¬ 
ducted  to  assure  that  no  significant  deterioration  of  the  surface  smoothness  had  occurred 
which  might  interfere  with  natural  boundary  layer  transition.  The  RTV  coatings  held  up 
extremely  well  through  the  entire  test  series  and  no  repairs  were  necessary. 

The  B&K  Model  4220  Piston  phone  was  fitted  with  4  very  short  rubber  tube  adapter 
to  permit  it  to  be  fitted  tightly  over  each  microphone  in  the  model  so  that — with  care— 
reasonably  accurate  (±10%)  checks  on  each  complete  sensor  channel  performance  could  be 
made  with  the  model  installed  in  the  tunnel.  These  checks  were  performed  before  and  after 
each  day's  testing  and  provided  valuable  qualitative  information  on  system  behavior. 
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SECTION  II 


DISCUSSION  OF  RESULTS 

1 .  AEROTHERMODYNAMIC  DATA  AND  ANALYSES 

Wind  tunnel  data  were  obtained  in  Tunnels  A,  B,  and  C  at  Mach  numbers  of  4,  8,  and  10, 
respectively.  Since  the  acoustic  instrumentation  was  located  predominately  along  one 
conical  ray,  data  were  obtained  with  this  ray  on  both  the  leeward  and  windward  sides  of 
the  model  (i.e.,  for  both  ±  angles  of  attack).  Tables  III  and  IV  present  free  stream  con¬ 
ditions  for  which  data  were  obtained.  The  -o  condition  implies  data  on  the  windward  ray. 

a.  Transition  Shape  Data 


Heat  transfer  data  defining  the  shape  of  the  transition  front  were  obtained  at  Mach 
8  and  10  along  three  conical  rays.  As  mentioned  earlier,  the  location  of  transition  onset 
was  defined  as  that  point  where  the  heat  transfer  (i.e.,  Stanton  number)  is  a  minimum. 

The  end  of  transition  was  defined  as  the  point  '*  here  the  heat  transfer  is  a  maximum .  For 
the  zero  angle  of  attack  case,  comparisons  of  these  data  with  the  "design  correlation"  is 
shown  in  Figures  18  and  19  for  R^  =  0  and  Rjsj  4  0,  respectively.  Agreement  was  good  for 
all  cases  except  for  the  low  Reynolds  number  test  at  Mach  10  where  transition  onset  was  5 
inches  aft  of  the  expected  value.  Location  of  the  transition  region  was  obtained  using  the 
phosphorescent  paint  technique.  The  end  of  transition  results  from  the  phosphorescent 
paint  technique  for  the  Mach  4  tests  are  also  shown  in  Figures  18  and  19. 

For  the  sharp  cone  excellent  agreement  is  noted.  For  the  blunted  cone,  the  Mach 
4  data  indicate  that  the  end  of  transition,  for  a  given  free  stream  Reynolds  number,  is 
further  forward  than  for  the  comparable  Mach  8,  10  case.  Comparisons  of  the  end  of 
transition  from  heat  transfer  and  phosphor  paint  were  made  at  Mach  8  and  the  data  ndicate 
that  the  two  are  in  excellent  agreement. 

b.  Local  Flow  Properties 


Local  flow  properties  on  the  model,  which  are  required  for  the  correlation  and 
analysis  of  acoustic  data,  were  not  measured  during  this  test  series.  Predictions  of  the 
flow  conditions  that  existed  on  the  cone  were  mad.j  using  proven  analytic  techniques  sum¬ 
marized  in  Table  V.  The  inviscid  flow  properties  such  as  the  surface  pressure  distribu¬ 
tion,  and  bow  shock  shape  are  required  inputs  tc  the  viscous  flow  analysis  programs. 
Viscous  flow  properties  such  as  ihe  boundary  layer  thickness  parameters  A,  A*,  and  C 
were  determined  with  the  aid  of  computer  programs  defined  in  Table  V.  Summarized  in 
Table  VI  are  local  flow  properties,  as  deduced  from  the  VIZAAD  program  that  exist 
over  the  forward  two  sensors  in  each  array  (i.e.,  at  x  -  22.5  and  38.0  inches).  Some 
question  arises  as  to  the  validity  of  these  computed  values  since  they  will  be  utilized  to 
normalize  and  correlate  the  measured  data.  One  must  recognize  that  the  viscous  programs 
such  as  VIZAAD(14)  ancj  SCAAT(15)  are  engineering  techniques  which  rely  on  empirical 
correlations  based  upon  ground  test  data  for  better  agreement.  Over  the  past  several  years 


TABLE  III.  SUMMARY  OF  NOMINAL  TEST  CONDITIONS 


B  8 


C  10 


,/ 

! 

1  ‘S^  / 

47  c  / 

Q)  '<2. 

05  / 

£  / 

Angle  of  Attack  i 

18 

140 

0 

28 

0 

35.7 

0 

28 

0.055 

38.1 

0.110 

285 

785 

0 

285 

785 

0 

475 

833 

0 

620 

853 

0 

475 

833 

0.055 

730 

865 

0.110 

1080 

1450 

0 

1810 

1450 

0 

1810 

1450 

0.055 

1810 

1450 

0.110 

1810 

1450 

0 

0 

±1 

±2 

0 

±1 

±2 

0 

±1 

±2 

0 

±1 

±2 

0 

±1 

±2 

-7.2  -8.2 
-7.2 
-7.2 
-7.2 
-7.2 


0  ±1  ±2  ±4 

0  ±1  ±2 
0  ±1  ±2  ±4 

0  +1  ±2 
0  ±1  ±2  ±4 

0  ±1  ±2 


-0.5, 

±1, 

±2 

-0.5, 

±1, 

±2 

±1 

±2 

-4 

»  (with  trip) 

♦Tunnel  doors  open,  remaining  tests  in  Tunnel  B  with  doors  closed. 


TABLE  IV.  SUMMARY  OF  FREE  STREAM  CONDITIONS 


Facility 

Moo 

Re„  ft 
(x  10"6) 

Po 

(psia) 

T0 

(°K) 

Uo„ 

(fps) 

Q  30 

(fsia) 

oo 

(psia) 

(°H) 

3 

(lbm/ft  ) 

A 

4 

1.4 

18.2 

605 

2352 

1.348 

0.120 

144 

1.28  x  10-6 

2.2 

28,  1 

602 

2332 

2.109 

0.187 

143 

2.0  x  10-6 

2.8 

39.9 

597 

2332 

2.651 

0.236 

}  42 

2.56  x  10"6 

3.0 

38.3 

603 

2332 

2.832 

0.252 

143 

2.70  x  10-6 

B 

8 

1.4 

286.2 

1257 

3742 

1.351 

0.0305 

92.2 

8.93  x  10"4 

2.2 

473.8 

1297 

3800 

2.212 

0.0497 

94.7 

1.41  x  10-3 

2.8 

620.9 

1321 

3836 

2.866 

0.0641 

95.9 

1.80  x  10-3 

3.25 

728.2 

1320 

3835 

3.342 

0.0745 

95.7 

2.10  x  lO-3 

C 

10 

1.4 

1081 

1910 

4793 

1.717 

0.0245 

95.7 

6.92  x  10“4 

2.2 

1811 

1611 

4804 

2.755 

0.0383 

93.6 

1.105  x  10“3 

there  have  been  many  ground  test  programs,  the  results  of  which  were  used  to  upgrade  the 
prediction  capabilities  of  these  engineering  techniques.  Some  examples  of  the  current  ac¬ 
curacy  of  the  viscous  predictions  using  VIZAAD  and  SC4AT  programs  can  best  be  illustrated 
from  comparisons  with  measured  heat  transfer  and  viscous  layer  thickness  parameter  data. 
The  heat  transfer  deduced  using  the  thin  wall  back-face  thermocouple  technique  for  the  test 
model  is  shown  in  Figure  16,  for  both  a  =  0°  and  a  =  4°.  Note  that  agreement  between  theory 
and  data  are  good  for  both  laminar  and  turbulent  boundary  layer  flows.  As  is  customary 
with  boundary  layer  theory,  one  can  utilize  the  Reynolds  analogy  to  relate  skin  friction  to 
heat  transfer,  i.e., 

o  /q  . 

Cf  =  STPr  _ p  2/3 

^  Pe  ^e  (^r-^'w) 

Thus,  if  good  agreement  between  theory  and  experiment  with  q  is  achieved,  one  can  specu¬ 
late  that  Cf  will  aiso  be  in  good  agreement. 

As  part  of  an  earlier  SA1V1SO  sponsored  study  on  the  GE  STREET-G  contract, 
boundary  layer  profile  measurements  were  obtained  on  a  7.25  degree  half-angle  cone  in 
Tunnel  B  at  Mach  8^7).  From  these  measurements,  the  viscous  layer  thickness  measure¬ 
ments  were  deduced.  Figure  20  gives  comparisons  of  the  VIZAAD  program  with  the 
transitional -turbulent  boundary  layer  data.  It  is  observed  from  this  figure  that  the  program 
accurately  predicts  the  data  levels  and  trends.  Therefore,  although  the  local  flow  proper¬ 
ties  were  not  measured,  in  this  acoustic  loads  investigation,  the  prediction  methods  for 
deducing  the  local  flow  properties  proved  to  be  adequate. 
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FREE  STREAM  UNIT  REYNOLDS  NO..  R„  x  10  °  FT. 


AXIAL  DISTANCE,  X  (INCHES) 

Figure  19.  Correlation  for  the  Location  of  the  Transition  Boundary 
Layer  Zone  for  Blunted  Cones  ( a  =  0°) 
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TABLE  V.  AERODYNAMIC  COMPUTER  PROGRAMS 


r 
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TABLE  V.  AERODYNAMIC  COMPUTER  PROGRAMS  (Continued) 


TRANSITION 


c .  Base  Pr<  £?ure  Prediction 

Analytic  methods  do  not  exist  for  the  prediction  of  base  pressures  on  slender 
cone  configurations.  As  a  result,  one  must  resort  to  data  correlations  to  obtain  estimates 
of  the  base  pressure  for  a  prescribed  cone  and  free  stream  conditions.  Correlations  have 
been  developed  for  laminar-transitional  flows  ^  ^  Pnd  for  turbulent  flows  (19).  From  these 
two  sources,  estimates  of  the  mean  flow  centerline  base  pressure  ratio,  P^/PM  were  ob¬ 
tained  and  are  presented  in  Table  Vli.  It  was  noted  in  Reference  18  that  the  base  pressure, 
for  laminar-transitional  boundary  layer  tlows,  correlates  with  the  value  of  the  edge  Mach 
number  Mg,  and  wetted  length  Reynolds  number  at  the  cone  shoulder.  This  implies  that  the 
value  of  is  Reynolds  number  dependent.  Implications  from  Reference  14  indicate 

that  for  turbulent  flow  this  dependency  is  minimal.  The  results  represented  in  Table  VII 
reflect  these  observations. 

2.  ACOUSTIC  DATA  ANALYSIS 

Fluctuating  pressure  data  in  transitional,  fully  turbulent,  separated  and  base  flow 
were  obtained  fcr  selected  angles  of  attack  at  three  test  Mach  numbers  and  Reynolds  num¬ 
ber.  Data  was  also  obtained  for  various  nose  radii  at  selected  tunnel  conditions.  Table 
VII  defines  the  various  tunnel  conditions  and  model  attitude  for  which  data  was  obtained. 

TABLE  VH.  BASE  PRESSURE  ESTIMATES  -  CENTERLINE  OF  SYMMETRY  (a  «  0°) 


Moo 

Reoo/ft 
x  10  "6 

Me 

^es 
x  lO-6 

Pbo/p^ 

4 

1.4 

3.7 

6.05 

0.13 

2.2 

9.52 

0.12 

2.8 

12.11 

0.12 

8 

1.4 

6.8 

7.85 

0.20 

2.? 

12.35 

0.17 

2.8 

15.7 

0.16 

10 

1.4 

8.1 

8.64 

0.57 

2.2 

13.55 

0.55 

a.  Acoustic  Intensity 


For  screening  purposes,  the  acoustic  data  were  reduced  using  one-third  octave 
band  analysis  to  20  kHz,  which  included  the  overall  pressure  level  for  this  frequency  range. 
Effects  of  angle  of  attack  (windward  ray)  on  the  overall  sound  pressure  level  distribution 
at  Mach  4  for  three  unit  Reynolds  numoers  are  shown  in  Figures  21,  22,  and  23.  As  ex¬ 
pected,  the  transition  zone  movps  aft  for  negative  angle  of  attack  and  decreasing  Reynolds 
number. 


Tunnel  tare  noise  was  obtained  for  each  test  from  sensor  2,  located  in  the  laminar 
flow  region.  As  the  test  Reynolds  number  (Re)  increased,  tunnel  tare  noise  also  increased 
with  a  significant  jump  between  Re  =  1.4  x  10° /ft  and  Re  =  2.2  x  106/ft.  This  is  believed 
due  to  additional  compressor  stages  required  to  achieve  desired  operating  conditions. 
Tunnel  tare  noise  reached  approximately  124  dB  at  Mach  8  and  127  dB  at  Mach  10,  as  indi¬ 
cated  in  Figure  24.  This  figure  compares  pressure  distributions  at  low  angle  of  attack  for 
the  three  test  Mach  numbers  and  a  given  unit  Reynolds  number  of  2.2  x  106.  Fisher  and 
Weinstein  ^0)  noted  that  a  region  exists  upstream  of  the  classical  point  on  the  body  surface 
where  the  heat  transfer  begins  to  rise,  which  was  used  in  the  present  study  to  define  trans¬ 
ition  onset .  In  this  region  the  outer  portions  of  the  boundary  layer  are  turbulent  and  the 
inner  region  is  laminar.  Hence,  the  critical  disturbance  begins  at  the  outer  upstream 
layer  and  spreads  to  the  wall  as  one  moves  downstream.  These  authors  determined  that 
the  spreading  angle  relative  to  the  wall  was  in  the  range  from  0.5  to  1.0  degree  at  local 
Mach  numbers  from  2,5  to  13.6.  Thus  a  microphone  located  at  a  point  upstream  of  the 
transition  region  (such  as  sensor  2  ir.  this  study)  woild  indicate  higher  sound  pressure 
levels  than  that  associated  with  the  free  stream  because  of  the  turbulence  that  exists  in 
the  outer  portions  of  the  boundary  layer.  Tunnel  tare  noise  levels  thus  measured  actually 
are  combined  measurements  depending  upon  the  location  of  the  transition  zone. 

Benefiting  from  the  lower  tunnel  tare  noise  levels  associated  with  tests  conducted 
at  Re  =  1.4  x  103/ft,  estimates  of  acoustic  intensity  were  made.  Figure  25  gives  repre¬ 
sentative  pressure  distributions  at  this  Reynolds  number  for  the  three  test  Mach  numbers. 
Using  data  from  Figure  25  in  turbulent  flow  results  in  the  following  nondimensional  acoustic 
intensity  given  in  Table  VIII. 


TABLE  VIII.  ACOUSTIC  INTENSITY  FOR  TURBULENT  FLOW 


Moo 

Local 

Mach  No. 

P  /q 

rms 

(0  to  20  kHz) 
e 

Actual  Data 

Noise  El'minated 

4 

3.6 

1.62  x  10“3 

1.31  x  10"3 

8 

6.7 

1.1  x  10“3 

0.58  x  10"3 

10 

8 

1.27  x  10~3 

0.67  x  10"3 

40 


A 


41 


Figure  22,  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(He,,,  2.2xlOr>,  M„,  .1.0,%  0.0) 


12 


It  is  apparent  from  Figure  25  that  the  tunnel  tare  noise  level  must  be  considered 
for  data  obtained  at  Mach  8  and  10,  the  degree  is  unknown.  Hence,  the  data  is  presented 
as  spread  in  data. 

Table  DC  summarizes  the  peak  normalized  fluctuating  pressures  measured  during 
transitional  flow.  The  acoustic  environment  in  the  transition  region  is  a  gradual  build  up 
in  fluctuating  pressure  reaching  a  maximum  towards  the  end  of  the  transition  zone.  Fully 
turbulent  flow  is  achieved  at  distances  downstream  ranging  from  10  to  100  boundary  laye 
thicknesses.  Pressure  distributions  in  Figure  24  are  representative  of  data  obtained  in 
the  transition  zone. 

TABLE  DC.  PEAK  ACOUSTIC  INTENSITY  IN  TRANSITIONAL  FLOW 


•  M. 

Local  Mach  No. 

prms/(Je  (°  to  20  kHz) 

4 

3.7 

2.86/-3  -  3.16/-3 

8 

6.9 

1.85/-3  -  2.70/-3 

10 

8.1 

1.67/-3  -  1.96/-3 

A  5  to  10  dB  difference  exists  between  tunnel  tare  noise  and  peak  transitional 
data,  therefore  tunnel  tare  noise  does  not  present  a  problem  in  data  evaluation. 

Several  tests  were  conducted  at  a  free  stream  Mach  number  of  8  at  angles  of 
attack  of  a  +7.2°  (vehicle  half  cone  angle)  which  resulted  in  separate  flow  on  the  leeward 
side  of  the  vehicle.  Tho:igh  these  high  angles  of  attack  are  not  representative  of  nominal 
ballastic  flight,  they  are  of  interest  in  regards  to  advanced  re-entry  vehicle  concepts. 
Figure  26  represents  typical  fluctuating  pressure  distributions  measured  at  these  high 
angles  of  attack.  Of  significance  in  these  runs  are  the  high  fluctuating  pressures  on  the 
windward  side  of  the  vehicle  which  remain  high  downstream  from  the  transition  region, 
and  the  low  pressure  levels  on  the  leeward  side  of  the  vehicle  in  the  separated  flow  region. 
Levels  were  observed  to  fall  below  tunnel  tare  noise  levels  indicating  attenuation  across  the 
shock  wave.  The  composite  distribution  results  in  a  15  dB  circumferential  variation  in 
fluctuating  pressures  over  a  large  portion  of  the  vehicle.  This  could  excite  the  higher 
shell  harmonics,  or  "hoop  modes",  thereby  inducing  responses  in  the  vehicle  which  should 
be  considered. 

Fluctuating  pressure  measurements  were  also  made  on  the  base  of  the  test  vehicle 
for  all  runs.  Figure  27  represents  typical  distributions  measured  for  three  test  Reynolds 
numbers  at  a  free  stream  Mach  number  of  4.0.  Data  obtained  at  Mach  8  exhibited  erratic 
spectral  characteristics,  which  are  discussed  in  Section  II. 2. b,  such  that  this  data  was 
considered  invalid.  At  a  free  stream  Mach  number  of  10  only  sensor  24  located  at  the 
center  of  the  base  provided  well  behaved  spectra.  Typical  levels  are  also  given  in  Figure 
27.  A  slight  increase  in  pressure  levels  is  observed  at  0.26  i^,  however  sensors  located 
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at  0.52  ijj  (sensors  2G  and  28;0  and  90r  ray)  show  a  consistent  drop  in  fluctuating  pressure 
levels.  Figure  28  shows  the  variation  in  fluctuating  pressure  levels  for  various  angles  of 
attack  measured  at  the  center  of  the  base  for  all  three  test  conditions.  In  general,  the 
highest  pressure  levels  were  observed  at  zero  angle  of  attack.  As  the  Reynolds  number 
was  increased,  the  fluctuating  pressure  also  increased  in  a  proportionate  manner. 

Figure  29  shows  the  effect  of  bluntness  on  the  overall  sound  pressure  level  at  Mach  4.  For 
this  comparison,  free  stream  conditions  were  selected  so  that  the  location  is  fixed  on  the 
model  surface.  It  is  evident  from  these  results  that  over  the  range  investigated,  there  is 
little  effect  of  bluntness  on  the  sound  pressure  level  and  distribution,  (including  base  flow) 
although  bluntness  does  have  an  effect  on  the  location  of  transition  on  the  body. 


b .  Power  Spectral  Density  Distribution 


Acoustic  spectra  are  presented  in  the  form  of  third  octave  pressure  distributions 
</>(f)  Ue 


and  normalized  spectra 


V1 


Figure  30  presents  as  measured  (no  consideration 

given  to  noise)  power  spectral  distribution  for  R6oo  =  1.4  x  10^/  ft  at  =  4  along  with  the 
same  data  with  tunnel  tare  noise  eliminated.  Figures  31  and  32  represent  typical  data 
obtained  at  the  free  stream  Mach  numbers  of  8  and  10.  For  these  Mach  numbers,  the 
degree  to  which  tunnel  tare  noise  affects  the  true  levels  is  unobtainable .  Therefore,  the 
data  as  measured  represents  a  conservative  distribution. 


Figures  33,  34  and  35  present  normalized  pressure  sprectra  (using  local  flow 
properties)  of  transitional  flow.  These  spectra  were  obtained  at  the  location  where  the 
fluctuating  pressure  was  maximum  in  the  transition  zone.  Transition  spectra  obtained  on 
forward  and  aft  arrays  were  similar  with  a  tendency  for  measurements  on  the  aft  array  to 
roll-off  at  a  slightly  higher  Strouhal  number.  Figure  36  (Mm  =  4,  R6oo  =  1.4  x  10®/ft)  shows 
the  third  octave  pressure  distributions  at  various  points  in  the  transition  region.  At  peak 
transition  it  is  noted  that  the  pressure  distribution  across  the  frequency  range  is  increased 
by  8  to  15  db.  During  transition  decay  (region  between  peak  pressure  levels  and  fully 
developed  turbulent  flow)  the  pressure  in  both  the  high  and  low  frequency  ranges  drop 
equally;  however,  in  the  1  kHz  to  5  kHz  range,  fluctuating  pressures  remain  high  until  fur¬ 
ther  down  stream,  where  all  levels  throughout  the  frequency  range  decrease  to  the  turbulent 
flow  level.  Figures  37  and  38  are  similar  curves  defining  pressure  spectra  for  various 
degrees  of  transitional  flow.  Similarly,  in  the  transitional  decay  region,  high  frequency 
pressures  are  observed  to  attenuate  more  rapidly.  Tunnel  conditions  for  both  figures  are 
M^  =  4  and  RGco  =  2.2  x  10^/ft.  It  is  also  apparent  from  these  figures  that  data  obtained 
in  the  turbulent  flow  regime  are  masked  by  the  tunnel  tare  noise.  In  Figure  36,  however, 
good  separation  exists  between  tunnel  tare  noise  and  turbulent  flow  (tunnel  conditions  MK  = 

4,  R^  =  1.4  x  lO^/ft.  Figures  39  and  40  define  the  pressure  distribution  for  various  stages 
of  transitional  flow  at  Mach  8.  Similar  characteristics  to  those  observed  at  Mach  4  are 
evident . 


At  an  angle  of  attack  equal  to  the  half  cone  angle  of  the  test  vehicle  separated 
flow  occurs  on  the  leeward  side  of  the  vehicle.  The  effects  on  the  fluctuating  pressure  levels 
were  significant  in  that  extreme  low  pressures  (PrmS  ~  117  dB)  were  observed 
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Figure  29.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Re  =2.2xl06,  M0O=  4.0,  R0O=  0 .0,  0.055,  0 .110) 
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Figure  33.  Normalized  Power  Spectral  Density  Distribution 
for  Transitional  Flow  (Mco=  4.0) 
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Figure  35.  Normalized  Power  Spectral  Density  Distribution 
for  Transitional  Flow  (Moc=  10.0) 
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in  separated  flow  (leeward  side)  and  high  pressures  (Prms  « 136  dB)  were  measured  in 
turbulent  flow  (windward  side).  To  show  the  circumferential  variation  of  pressure  spectra, 
several  multiple  plots  were  made  using  the  aft  circumferential  array  of  sensors,  which  at 
these  high  angles  of  attack  were  down  stream  from  the  maximum  transition  location. 

Figure  11  shows  the  nominal  circumferential  distribution  for  an  angle  of  attack  of  approxi¬ 
mately  zero  degrees  (ReM  =  2.8  x  10  /ti,  =  8).  For  the  corresponding  tunnel  condition 
(with  model  a  =  7.2C).  Figure  42  gives  the  various  spectra  for  the  aft  circumferential 
array.  The  severity  of  the  variation  in  pressure  spectra  is  apparent.  Figure  43  compares 
the  pressure  spectra  for  the  same  sensor  but  different  test  runs  in  turbulent  and  separated 
flow.  The  pressure  distributions  are  similar,  however,  turbulent  flow  spectra  are  approxi¬ 
mately  5  to  10  dB  higher  than  that  of  separated  flow. 

Typical  base  pressure  spectra  are  shown  in  Figures  44  and  45  for  several  angles 
of  attack  (tunnel  conditions:  Mm  -  4,  Reoo  =  1.4  x  106).  In  general  the  spectra  reduces  as 
the  tingle  of  attack  is  increased.  This  was  evident  at  the  center  of  the  base  (Figure  40)  and 
also  at  sensor  28  located  0.52  from  the  base  center  (Figure  45).  The  contributions  of 
tunnel  tare  noise  to  the  base  spectra  cannot  be  evaluated  since  the  attenuation  characteris¬ 
tics  of  noise  across  the  base  expansion  wave  and  trailing  shock  wave  is  unknown.  Base 
spectra,  however,  for  the  base  center  ( a  =  0)  below  2  kHz  when  compared  to  tunnel  tare 
noise  (as  measured  bn  vehicle  nose)  is  approximately  3  to  5  dB  above  the  noise  level. 

Above  3  kHz  the  noise  level  is  above  base  pressure  data.  Of  importance  is  the  affect  of 
Reynolds  number  on  base  fluctuating  pressure  levels.  Figure  46  compares  the  fluctuating 
pressure  levels  at  Mach  4  for  the  three  Reynolds  numbers.  Comparing  base  pressure  data 
at  various  RGoq  ,  using  data  obtained  at  Re^  =  1.4  x  10®  as  a  reference  reveals  an  increase 
of  8  db  at  RGoq  =  2.2  x  10®  and  11  db  at  R^  =  2.8  x  10®.  Essentially  the  variation  in 
fluctuating  base  pressures  is  directly  proportional  to  Reynolds  number.  Also  shown  in 
Figure  43  is  the  tunnel  tare  noise  associated  with  each  run.  At  Re,*,  =  2.2  x  10®  and  2.8 
x  10®,  data  is  above  the  tunnel  tare  noise  by  6  to  10  db  in  the  range  of  frequencies  below 
4  kHz.  Figure  47  shows  the  pressure  spectra  for  various  angles  of  attack  at  a  RGoo  of 
2.2  x  10®.  The  spectra  is  observed  to  drop  with  angle  of  attack.  At  high  angles  (-4°, 

-7.2°)  a  discrete  frequency  (2500  Hz)  becomes  dominant.  This  trend  is  insipid  at  a=  -2° 
(Figure  47).  No  apparent  reason  exists  for  this  frequency.  Figure  48  shows  the  base 
centerline  spectra  obtained  for  Mach  8.  Data  is  significantly  distorted  at  all  angles  of 
attack.  Similar  data  was  obtained  at  Mach  10  except  for  a  zero  angle  of  attack  where  the 
data  was  well  behaved . 

c.  Cross  Correlation  Functions 

Cross  correlation  functions  representing  space  time  correlations  between  two 
sensors  were  obtained  for  turbulent,  transitional  separated  and  base  flow.  Figure  49 
represents  the  space  time  correlations  in  turbulent  flow  for  various  angles  of  attack  at 
Mach  4  in  the  direction  of  flow.  Figure  50  shows  the  circumferential  distribution  for  the 
same  test  condition.  A  decrease  of  the  peak  in  the  correlation  function  for  increasing 
sensor  separation  is  apparent.  This  is  attributed  to  the  decay  of  the  turbulent  eddies  as 
they  travel  downstream.  Also  the  curves  become  broader  for  increasing  sensor  spacing, 
indicating  that  the  high  frequency  contribution  to  the  correlation  function  decays  more 
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Figure  44.  Comparison  of  Base  Flow  Pressure  Spectra  for  Various  a's  (Base 
Center)  (Moo=  4.0,  R  =  1.4  x  10^) 
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rapidly  than  the  low  frequency  turbulent  eddies.  Similar  results  were  obtained  by  Chyu 
and  Hanly^l),  Figure  51  are  typical  longitudinal  and  circumferential  spacetime  correlations 
taken  at  Mach  8  (Re*,  =  2.2  x  10®).  Tunnel  C  data,  because  of  the  low  signal  to  tunnel 
noise  ratio  is  not  presented.  The  effects  of  the  noise  were  to  significantly  broaden  the 
correlation  function  such  that  the  autocorrelation  curve  of  the  lead  sensor  would  envelop 
the  remaining  cross  condition  functions. 

Space  time  correlation  functions  for  the  region  of  transitional  flow  are  shown  in  Fig¬ 
ure  52.  This  series  of  curves  indicates  no  significant  variations  in  correlation  functions  for 
various  degrees  of  transition  (i.  e.  onset,  peak  and  decay).  Defined  in  Figure  53  are  the  corre¬ 
sponding  correlation  functions  in  the  circumferential  direction.  Figures  54  compare  corre¬ 
lation  functions  for  turbulent  and  transitional  flow.  The  only  significant  variation  appears 
in  the  broad  band  convection  velocity  which  will  be  discussed  in  Section  U.  2.  d.  Correlation 
functions  obtained  at  Mach  8  are  given  in  Figures  55  and  56  (longitudinal,  circumferential, 
respectively).  Decay  rates  Indicated  by  these  curves  differ  from  those  presented  for  Mach 
4  in  that  lower  decay  rates  were  observed  at  higher  Mach  numbers.  This  trend  was  also 
noted  at  Mach  10  (Figure  57)  and  may  be  due  to  the  high  tunnel  tare  noise  associated  with 
these  test  conditions.  Figure  58  represent  the  longitudinal  correlation  functions  at  high 
angles  of  attack  (±7.2°,  M*,  =  8)  from  data  obtained  at  the  forward  array.  At  this  location 
the  forward  array  is  under  transitional  flow  for  an  angle  of  attack  of  -7. 2°  and  under 
separated  flow  for  a  =  +7. 2°.  High  decay  rates  are  observed  under  separated  flow.  Corre¬ 
lation  analysis  weie  performed  for  the  four  base  measurements  and  no  correlation  was 
found  to  exist. 

d.  Convection  Velocity 


Broad  band  convection  velocities  were  calculated  for  both  transitional  flow  and 
turbulent  flow.  No  significant  variation  was  found  in  the  convection  velocities  with  Mach 
number.  Figure  59  defines  the  broad  band  convection  velocities.  Turbulent  flow  data  is 
similar  to  that  found  by  other  experimenters.  Transitional  flow  follows  the  same  trend  and 
is  approximately  60  percent  of  that  for  turbulent  flow. 
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Figure  51.  Space- Time  Correlations  for  Turbulent  Flow 
(Moo=  8.0,  Re  -  2.2  x  106) 


Figure  56.  Circumferential  Space- Time  Correlations  for 
Transitional  Flow  (Moo=  8.0,  Re  =  2.2  x  106) 
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SECTION  m 


SELECTED  WIND  TUNNEL  TEST  DATA 

1.  ACOUSTIC  INTENSITY  DISTRIBUTIONS 


For  each  test  condition  two  figures  are  given  to  define  the  acoustic  intensity  distri¬ 
bution  Prms^0  Hz  to  20  K  Hz)  along  the  vehicle.  A  negative  angle  of  attack  (a)  places  all 
the  zero  array  sensors  on  the  windward  side.  Conversely  a  positive  a  places  the  main  array 
(0°  array)  of  sensors  on  the  leeward  side.  Flagged  values  (  /)  represent  pressure  levels 
at  180°  from  the  main  array  of  sensors.  Given  angles  of  attack  are  nominal  test  conditions 
and  transition  regions  (TR)  shown  on  Figures  00  to  85  were  deduced  from  phospnor  paint 
photographs  (Mm=  4  data)  and  heat  transfer  data  for  Moo  =  8  and  10. 

2.  SPECTRAL  DENSITY  DISTRIBUTIONS 


Spectral  density  distributions  are  presented  in  the  form  of  third  octave  pressure 
distributions.  For  each  tunnel  condition  representative  distributions  for  turbulent,  transi¬ 
tion  region,  separated  flow  region  (when  applicable)  base  flow  and  tunnel  tare  noise  are 
shown  in  Figures  86  through  180. 
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Figure  70.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Re  =  1.4  x  106,  Mro=  8.0,  RM=  0.0) 
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Figure  71.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Reoo=  1. 4  x  106,  =  8.0,  Rn  =  0.0) 
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Figure  73.  Fluctuating  Treasure  Distribution  Tunnel  Condition 
(R0  =  2.2xl06,  =  8.0,  Rw  =  0.0) 
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Figure  76.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Re  =  2. 2  x  10®,  =  8,0,  RN=  0.055) 
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Figure  77.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Re  =2.2x106,  Mm  =  8.0,  Rn  =  0.055) 
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Figure  78.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
<Re  =3.25x  106,  MTO  =  8.0,  RN=  0.11) 
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Figure  79.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Re  =3. 25  x  10®,  Mw  =  8.0,  RN=  0.11) 
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Figure  81.  Fluctuating  Pressure  Distribution  Tunnel  Condition 
(Re  =  1.4xl06,  M„=  10.0,  Rn  =  0.0) 
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Figure  86.  Comparison  of  Spectra  in  Transition  Zone 
(Mto=4,  R6oo=  1.4  xlO6,  Rn=0) 
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Figure  87.  Comparison  cf  Spectra  in  Transition  Zone 
(M„  =  4,  R6oo  =  1.4  x  106,  Rn  =  0) 
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Figure  89.  Base  Spectra  at  Various  a  (M00=  4,  Reoc=  1.4  x  106,  R^  -  0) 
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Figure  91.  Base  Spectra  at  Various  a  (Moo=  4,  Re0O=  1.4  x  10°,  RN  =  0) 


116 


ONE-THIRD  OCTAVE  BAND  CENTER  FREQUENCY  IN  HZ 

g 

Figure  92.  Base  Spectra  at  Various  a  (Moc=  4,  ReM=  1.4  x  10  ,  RN  =  0) 
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Figure  94.  Comparison  of  Spectra  in  Transition  Zone  (Moo=  4,  Re00=  2.2  x  10°,  =  0) 
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Figure  95,  Transition  Region  and  Turbulent  Flow  Spectra  (MO0=  4, 
Rew=  2.2  x  106,  Rn  =  0) 
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Figure  96.  Transition  Region  and  Turbulent  Flow  Spectra  (Moo=  4, 
Re*=  2.2  x  106,  rn  =  0) 
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Figure  97.  Transition  Region  and  Turbulent  Flow  Spectra  (Mon=  4, 
Reoo=  2.2  x  10®,  Rn  =  0) 
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Figure  98,  Transition  Region  and  Turbulent  Flow  Spectra  (M  =  4, 
ReTC  =  2.2  x  106,  Rfl  =  0) 
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Figure  101.  Duse  Spectra  at  Various  a  (Mco=  4.  Rew=  2.2  x  10*\  Rjq  =  0) 
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Figure  103.  Tunnel  Tnre  Noise  (M..n -  4,  He,^-  2.2  x  10(i,  K\j  -  0) 
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Figure  105.  “'urbulent  Flow  Spectra  at  Various  a  (M^-  4,  Reoo=  2.8  x  lOe,  RN  =  0) 
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Figure  108.  Base  Spectra  at  Various  a  (Moo=  4,  Re^-  2.8  x  106,  RN  =  0) 
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Figure  109.  Base  Spectra  at  Various  a  (M^  4,  ReM  =  2.8  x  10  ,  =  0) 
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Figure  110.  Base  Spectra  at  Various  a  (M00=  4,  ReM  =  2.8  x  10e,  RN  =  0) 
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Figure  111.  Tunnel  Tare  Noise  (Moo=  4,  11^=  2.8  x  IQ*5,  RN  =  0) 
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Figure  113.  Comparison  of  Spectra  in  Transition  Zone  (Mm  =  4,  Re  <*,  =  2. 2  x  10  \ 

RN  =  0.055) 
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Figure  115.  Base  Spectra  at  Various  (M«,=  4,  Re»=  2.2  x  10(>,  Rn  ~  0.055) 
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Figure  117.  Turbulent  Flow  Spectra  (M «>=  4,  Re „  =  3. i"1  x  106,  Rn  =  0.11) 
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Figure  120.  Comparison  of  Spectra  in  Transition  Zcne  (M<x>  =  4,  Reoo=  3.06  x  10, 

RN  =  0.11) 
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Figure  124.  Turbulent  Flow  Spectra  Circumferential  Variation  (M»=  8, 

Re«,=  1.4  x  106,  Rn  =  0) 
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Figure  125,  Comparison  of  Spectra  in  Transition  Zone  (Mm-  S, 

Reoo33  1.4  x  10°,  Rn  -  0) 
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Figure  130,  Base  Spectra  at  Various  (M*,^  8,  Re*  =  i.4  x  10G,  Rjy;  =  0) 
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Figure  132.  Tunnel  Tare  Noise  =  8,  Re  «=  1.4  x  106,  =  0) 
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Figure  135.  Turbulent  Flow  Spectra  (M  «,  =  8,  Re  <*>  =  2. 2  x  10^,  Rn  =  0) 
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Figure  137.  Comparison  of  Spectra  in  Transition  Zone  (Moo  =8,  Rec»=  2.2  x  10^,  =  0) 
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Figure  138.  Base  Spectra  at  Various  (Moo  =  8y  Reoo  =  2.2  x  10^,  Rn  -  0) 
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Figure  141.  Turbulent  Flow  Spectia  (M--  8,  Rcco  2.8  x  106,  Rn  °) 
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Figure  143.  Turbulent  Flow  Spectra,  Circumferential  (M03=  8,  Rpoo=  2.8  x  10^,  R^j  ~  0) 
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Figure  144.  Turbulent  Flow  Spectra,  Circumferential  (Moo  =  8,  Re«,  =  2.8  x  10r\  R^  =  0) 
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Figure  145.  Turbulent  Flow  Spectra,  (M  .  •  8)  He  =  2.8  x  10  ,  IL  -  0) 
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Figure  146.  Comparison  of  Spectra  in  Transition  Zone  (M«=  8,  Re  DO  — '  2.8  x  106,  Rn=0) 
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Figure  149.  Comparison  of  Spectra,  Circumferential,  a  =i7.2(Moo 
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Figure  150.  Base  Spectra  at  Various  (M«>  =8,  Re  «■=  2.8  x  10°,  =  0) 
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Figure  151.  Base  Spectra  at  Various  (M«-  8,  Reoo  =  2.8  x  10*"’,  Rn  ~  0) 
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Figure  154.  Turbulent  Flow  Spectra,  Circumferential  (Moo=  8, 


Reoo  =  2.2  x  10  ,  Rn  =  0.055) 
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Figure  157.  Tunnel  Tare  Noise  (M«=  8,  Re™  =  2.2  x  10®,  Rn  =  0.055) 
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Figure  161.  Base  Spectra  at  Various  (Moo  =  8,  Re  «>  =  3. 25  x  106,  RN  =  0.11) 
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Figure  163.  Comparison  of  Spectra  in  Transition  Zone  (M»  =  10,  Re«>  =  1.4 
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Figure  164.  Comparison  of  Spectra  in  Transition  Zone  (M»=  10, 
Re  w=  1.4  x  106,  RN  -  0) 
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Figure  165.  Base  Spectra  at  Various  (M  «>  =  10,  Re  »=  1.4  x  I0r,f  Rn  =  0) 
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Figure  168.  Turbulent  Flow  Spectra  (M»=  10,  Re»  =  2.2  x  106,  =  0) 
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Figure  169.  Comparison  of  Spectra  in  Transition  Zone  (M®  =  10, 
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Figure  171,  Comparison  of  Spectra  in  Transition  Zone  (Mcx>  =  10, 

Re«  =  2.2  x  106,  Rj^  =  0) 
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Figure  172,  Comparison  oi  Spectra  at  Transition  Peak,  Circumferential, 
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Figure  173.  Base  Spectra  at  Various  (M,x>=10,  Re«»  =  2. 2  x  106,  RN  =  0) 
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Figure  174.  Turbulent  Flow  Spectra  (M«,=  10,  Re«  =  2.2x  106,  Rn  =  0.055) 
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Figure  176.  Turbulent  Flow  Spectra  (M«  -  10,  Re~=  2.2  x  106,  Rn  =  0.055) 
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Figure  178.  Comparison  of  Spectra  in  Transition  Zone  (M«.=  10, 
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Figure  179.  Base  Spectra  at  Various  (M*.  =  10,  Re,.  =  2.2  x  106,  RN  =  0.055) 
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Figure  180.  Tunnel  Tare  Noise  (Moo  =  10,  Rec*,  =  2.2  x  106,  R^  =  0.055) 
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